We predict from first-principles calculations a novel structure of stanene with dumbbell units (DB), and show that it is a two-dimensional topological insulator with inverted band gap which can be tuned by compressive strain. Furthermore, we propose that the boron nitride sheet and reconstructed (2 × 2) InSb(111) surfaces are ideal substrates for the experimental realization of DB stanene, maintaining its non-trivial topology. Combined with standard semiconductor technologies, such as magnetic doping and electrical gating, the quantum anomalous Hall effect, Chern half metallicity and topological superconductivity can be realized in DB stanene on those substrates. These properties make the two-dimensional supported stanene a good platform for the study of new quantum spin Hall insulator as well as other exotic quantum states of matter.
The low-dimensional group IV elements, such as fullerene [1] , carbon nanotube [2] , graphene [3] and Si/Ge nanowire [4] , have attracted lots of attentions in the recent decades due to their exotic electronic properties. Especially for the two-dimensional (2D) graphene, its big success inspires the "Graphene Age" in the fields of physics, chemistry and material science. For direct integration on silicon based electronic device, the search of other 2D group IV materials has triggered enormous interest. Since the first proposal of low-buckled (LB) silicene [5] , a dumbbell configuration of silicene [6] and a flat germanene structure [7] have been synthesized. In contrast to graphene and LB silicene, the bond lengthes in LB 2D layer of tin (called stanene) are much larger, and the relatively weak π-π bonding cannot stabilize the planar configuration, resulting in instability of free standing LB stanene (see the Supplemental Material [8] for details).
Following the initial discovery of the quantum spin Hall (QSH) effect in the 2D topological insulator (TI) HgTe quantum wells [9, 10] , much attention has been focused on the search of 2D TI with larger energy gaps. Recently 2D stanene has been proposed as a promising material to realize the QSH insulator, with gaps as large as 0.3 eV, with appropriate chemical functionalization [11] . Owing to time-reversal (TR) symmetry, spin-filtered helical edge states propagate along edges with dissipationless spin and charge currents, leading to promising potential applications in spintronics and the fault-tolerant quantum computation [12] .
In this Letter, we propose a new structure of stanene with dumbbell units (DB) (free standing or supported on an insulating substrate). Based on ab initio structure optimization, phonon dispersion and band structure calculations, we predict that this structure can be stable and behaves as 2D TI. The SOC band inversion occurs at the Γ point and the gap size can be tuned by applying compressive strain. We further show that in the realistic growth on the substrate, for example the boron nitride (BN) sheet or reconstructed InSb(111) surface on which α-tin(111) thin films have been fabricated [13] , the topologically non-trivial properties of DB stanene are retained. As an attractive platform for TI applications, some exotic phenomena, such as the quantum anomalous Hall effect (QAHE) [14] , Chern half metallicity [15] and TR invariant topological superconductivity [16] , can be realized in the supported DB stanene system. Density functional theory calculations were carried out by using the projector augmented wave method [17] and the generalized gradient approximation with PerdewBurke-Ernzerhof type functional [18] , as implemented in the Vienna ab initio simulation package [19] . Plane wave basis set with a kinetic energy cutoff of 300 eV was used. A slab model together with a vacuum layer larger than 20Å was employed. During the structure optimization of DB stanene, all atomic positions and lattice parameters were fully relaxed, and the maximum force allowed on each atom was less than 0.01 eV/Å. The MonkhorstPack k points were 9×9×1. Phonon dispersions were obtained by using the frozen phonon method [20] .
Different from LB silicene, due to the larger bond length, the relatively weak π-π bonding of LB stanene fails to stabilize the buckled configuration. Thus, we attend to add more Sn atoms forming DBs which can saturate the dangling bonds and stabilize the 2D structure. Then, a new stable configuration of stanene is discovered as shown in Figs. 1(a) and (b) . Meanwhile, as identified for silicene on Ag(111) surface, we succeed in achieving a similar DB structure of silicene which interacts with the substrate weakly [6] . The optimized DB stanene has the hexagonal structure with space group D 6h (P6/mmm) and ten Sn atoms in one unit cell. In this structure with lattice constant of 9.05Å, two DB units are formed at the para positions of a honeycomb ring and the other Sn atoms stay in the same plane. The height of DB [h in Fig. 1(b) ] and the distance between the neighboring DBs [l in Fig. 1(b) ] are 3.41Å and 5.22Å, respectively. The calculated cohesive energy per Sn atom [21] for DB stanene is 0.18 eV larger than that of LB stanene, indicating that DB stanene is more stable. Furthermore, we calculate phonon dispersion for DB stanene [shown in Fig. 1(c) ]. It can be seen that the frequencies of all modes are positive over the whole Brillouin zone. This shows that DB stanene is thermodynamically stable and its stability does not depend on the substrate. So we expect that the free-standing DB stanene can be fabricated in the experiment.
The band structures of DB stanene are shown in Figs. 2(a) and (b). When the SOC is not included, it is a semiconductor with an indirect band gap. At the Γ point, the top of valence band is mainly contributed by the antibonding p x±iy orbitals with fourfold degeneracy, and the bottom of conduction band is from the bonding p z orbital. When the SOC is included, the fourfold degenerate valence bands are split, and a band inversion occurs between p x±iy and p z orbitals with 40 meV non-trivial band gap around the Γ point, as illustrated in Fig. 2 
(c).
The inverted states are labeled by |p + z and |p − x±iy , where the superscript (+, −) denotes the parity. Because the inversion symmetry is present in DB stanene, the Z 2 invariant can be calculated following the method proposed by Fu and Kane [22] . We find the Z 2 of DB stanene is +1, indicating that it is a QSH insulator. Due to the similar inversion mechanism with HgTe quantum wells [9, 10] , the low-energy physics of DB stanene around the Γ point can be described by the Bernevig-Hughes-Zhang model [9] . Interestingly, the gap at the Γ point is found to be very sensitive to the in-plane strain, upon which the energy levels of inverted bonding and antibonding states move in opposite directions. Typically, for DB stanene under a +3% compressive strain, the direct band gap and the gap at the Γ point will increase to 64 meV and 342 meV, respectively. The evolution of gap size upon strain is consistent with hybrid functional calculations [23] (see Supplemental Material [8] ).
The existence of helical edge states with the spinmomentum locking is one of the prominent features of 2D TI. In order to explicitly demonstrate the edge states for DB stanene, a zigzag nanoribbon (ZNR) with mirror symmetry is constructed with the edges passivated by hydrogen atoms [see Fig. 2(e) ]. Following the convention of graphene ZNR [24] , we classify the DB stanene-ZNR by the number of zigzag chains across the ribbon width. For avoiding interaction between the edge states, 26-DB stanene-ZNR is selected, of which the calculated band structure is presented in Fig. 2(d) . The helical edge states (marked by red lines) emerge from the bulk conduction band, cross at the Γ point and enter the bulk valence band, exhibiting the topological nontrivial property. All the above results consistently indicate that DB stanene is an ideal 2D TI.
For the experimental realization, we note that the 2D group IV element sheets can be achieved by various techniques, including mechanical exfoliation, chemical exfoliation, and molecular beam epitaxy (MBE). For example, high-quality graphene [3] , silicene [25] and Pb thin film [26] have been successfully grown on different substrates based on MBE method. It is reasonable to expect that DB stanene can also be fabricated or transferred on the substrate using similar techniques. For the future applications, it is essential to find a proper substrate for DB stanene on which its exotic topological properties can be retained. Due to the close lattice structure, the hexagonal BN sheet and InSb(111) surface are good candidates. Especially on the reconstructed (2 × 2) InSb(111) surface [hereafter referred to as InSb(111)-(2 × 2)], good-quality α-tin(111) thin films have been grown by using MBE method [13, 27] As a 2D insulator with large band gap and high dielectric constant, the BN sheet has been used as substrate to grow graphene and assembled in many 2D stacked nanoelectronic devices [28] . Here we use it as substrate to support DB stanene. Figs. 3(a) and (b) show the geometrical structure of DB stanene on the ( √ 13 × √ 13) BN sheet, where the lattice mismatch is only about 0.4%. After full relaxation, DB stanene almost retains the original structure with DB height of h = 3.42Å [see Fig.  3(b) ]. And the distance between adjacent layers [d in Fig. 3(b) ] is 3.99Å. The binding energy is about 0.04 eV per unit cell, showing the weak interaction between DB stanene and the BN sheet. The calculated band structure with SOC is shown in Fig. 3(c) : DB stanene on the BN sheet remains semiconducting; there is essentially no charge transfer between adjacent layers; and the states around the Fermi level are dominantly contributed by DB stanene. If we compare the bands of DB stanene with and without the BN substrate, which are marked by blue lines and red dots in the inset of Fig. 3(c) respectively, little difference is observed. Evidently, DB stanene on the ( √ 13 × √ 13) BN substrate is also a QSH insulator whose band inversion is not affected by the substrate.
In experiment, the InSb(111)-(2 × 2) surface with Invacancy buckling has been used as an ideal substrate for the growth of α-tin(111) thin films [13] . Its geometrical structure is shown in Fig. 4(a) : one-quarter of In surface atoms are missing and the top In-layer is relaxed into an almost planar configuration. Due to the small lattice mismatch (about 1.2%), we use the InSb(111)-(2 × 2) slab as substrate to support DB stanene (note: the bottom layer of the slab is saturated by hydrogen atoms). During the structural optimization, the DB stanene and topmost four atomic layers of the InSb(111)-(2 × 2) thin film are allowed to fully relax and the rest atoms are frozen. The optimized structure is shown in Figs. 4(b) and (c). Similar to the case on the BN substrate, DB stanene on the InSb(111)-(2 × 2) thin film retains the DB configuration with the height of h = 3.38Å. However, the distance between DB stanene and the substrate (d = 3.27Å) is smaller than that on the BN sheet and its binding energy (0.42 eV per unit cell) is one order of magnitude larger. These results suggest that the coupling between DB stanene and InSb(111)-(2×2) thin film is much stronger than in the case of the BN sheet.
The calculated band structures confirm the results discussed above, as presented in Figs. 4(d) and (e). When the SOC is not included, the bottom of conduction band is mainly contributed by the p z orbital in DB stanene, which touches the fourfold degenerate states of p x±iy orbitals of the InSb(111)-(2 × 2) thin film at the Γ point. And the interaction with the substrate pushes p x±iy orbitals of DB stanene downward to lower energy. When the SOC is included, the top of valence bands mainly contributed by the InSb(111)-(2 × 2) substrate is split and a band inversion occurs at the Γ point with a large gap value of 161 meV. Due to the inversion symmetry breaking, the Rashba-like splitting is observable for both the conduction and valence bands, and the direct band gap marked by ∆ is 40 meV [see Fig. 4(e) ]. In contrast to DB stanene on the BN sheet, the inverted states are p z orbital of DB stanene and p x±iy orbitals of the InSb(111)-(2 × 2) thin film, which are contributed by different parts of the heterostructure. Such an inversion mechanism [see Fig.  4(f) ] is similar to that of InAs/GaSb Type-II quantum well QSH insulator [29] .
Due to the inversion symmetry breaking in DB stanene supported on the InSb(111)-(2 × 2) thin film, the method proposed by Fu and Kane [22] can not be used to calculate the Z 2 invariant and a new method independent of the presence of inversion symmetry is needed. Following the work of Soluyanov and Vanderbilt [30] , we construct the maximally localized Wannier functions [31] from our ab initio results and calculate the Z 2 invariant from the evolution of the Wannier charge center (WCC) during the "TR pumping" process. An odd number of crossings for smooth WCC bands and the path of the largest gap center between WCCs is observed (see Supplemental Material [8] ), thus the Z 2 is +1 for DB stanene on the InSb(111)-(2 × 2) thin film, suggesting that the topological non-trivial property retains in the hybridized structure. To elucidate this finding, a ribbon model containing 30 unit-cell-width is constructed, and the band structure from ab initio tight binding calculation is shown in Fig.  4(g) . For the ribbon of DB stanene on the InSb(111)-(2 × 2) thin film, helical edge states contributed by different edges coexist with trivial edge states [α 1,2,3 in Fig.  4(g)]; and due to the breaking of mirror symmetry in the ribbon, the helical edge states are split in Fig. 4(g ) (see Supplemental Material [8] ).
To conclude, based on first-principles calculations, we propose a new stable 2D structure for stanene with nontrivial topology. Its inverted band gap at the Γ point is sensitive to compressive strain and thus a large value is possible to be achieved experimentally. Furthermore, we reveal the topological properties of DB stanene on different substrates for practical applications. DB stanene on the BN sheet retains the electronic properties of freestanding DB stanene due to the weak interaction with the BN sheet. DB stanene on the InSb(111)-(2 × 2) thin film is also identified as 2D TI without inversion symmetry, but its band inversion is also dependent on the substrate, which provides us an opportunity to manipulate the electronic properties of whole hetreostructure by using well-established technologies on III-V semiconductor. We expect to observe TR invariant topological superconductivity [16] in the electrically gated system, and the QAHE [14] and Chern half metal [15] via magnetically doping the InSb substrate [32] . All of these make supported DB stanene as an ideal platform to study novel 
